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Abstract: Imiquimod (R-837, S-26308) and the ana- 
logue S-27609 were evaluated for cytokine induction in 
human blood cells. Both compounds induced interferon- 
a (BFN), tumor necrosis factors (TNF), interleukin (EL)- 
IP, and Hr6 with S-27609 being 5 to 10 times more potent 
Imiquimod and S-27609 also induced EL-lot, IL-1 receptor 
antagonist, IL-10, granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF), granulocyte CSF (G-CSF), and 
macrophage inflammatory protein- la. The profile of cy- 
tokines induced by imiquimod and S-27609 was different 
from those seen with Upopolysaccharide and potyinos- 
inic-polycytidylic add. Kinetic studies with both imiqui- 
mod and S-27609 revealed induction of cytokines as early 
as 1-4 h after stimulation. Although most of the cytokines 
produced by S-27609 were secreted, significant concen- 
trations of IL-la and IL-10 remained intracellular. Mono- 
cytes were largely responsible for the cytokines 
produced. Finally, S-27609-induced mRNA expression 
for TNF, IFN, and IL8, and this induction did not require 
protein synthesis. Taken together, these studies extend 
previous findings by showing induction of additional 
cytokines and providing insight into the me ch a ni s m of 
cytokine induction by these molecules./ Leukoc Biol 58: 
365-372; 1995. 
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INTRODUCTION 

A new class of immunomodulating agents, represented by 
the molecule imiquimod (R-837, S-26308). has been 
found to be an effective antiviral and antitumor agent in 
animal models. Imiquimod protected guinea pigs from 
infection by herpes simplex virus (HSV) when given in- 
travaginally, intramuscularly, intraperitoneally, intrader- 
mally, subcutaneously (SC). and by mouth (PO) [I, 2J. 
Imiquimod reduced recurrences induced in guinea pigs 
by latent HSV infection and, in combination with acy- 
clovir, significantly reduced acute HSV in guinea pigs 
even after lesions had developed [3-5]. Further studies 
indicated that imiquimod was active both prophylacucally 
and therapeutically against cytomegalovirus infection in 
guinea pigs [6] and arbovirus infection in mice [7]. 

In addition to its antiviral properties, imiquimod inhib- 
ited growth of a number of murine tumors including 
MC-26 colon carcinoma, RIF-1 sarcoma. Lewis lung carci- 
noma, and a tumor induced by the chemical carcinogen 
^-{4^5-nitro-2-furyl)-2-thia2olylJ formamide [8, 9]. Imiqui- 
mod not only inhibited growth of the FCB bladder tumor 



in mice but actually resulted in elimination of tumors 
from these animals [10]. 

Imiquimod has no inherent antiviral or antitumor activ- 
ity in vitro but does stimulate secretion of interferon-a 
(IFN), which is partially responsible for the in vivo antivi- 
ral and antitumor activities. Imiquimod was first found to 
induce serum IFN in guinea pigs after topical, PO or SC 
administration [11]. Further studies indicate that imiqui- 
mod induces IFN in other animal species including mice, 
rats, and monkeys [8, 12, IS]. Phase I studies in healthy 
adult males indicated that imiquimod given PO was capa- 
ble of inducing detectable concentrations of serum IFN 
in these volunteers [14-16]. Using antibody neutraliza- 
tion, the type of IFN induced by imiquimod was identi- 
fied as greater than 97% IFN-a [14]. Indeed, much of the 
antiviral activity and antitumor activity ascribed to imiqui- 
mod was due to the induction of IFN, but other factors 
seem to contribute as well [2, 4, 8]. More recently, it was 
demonstrated that imiquimod. its hydroxylated metabo- 
lite R-842, and S-27609 stimulated production of a 
number of other cytokines including tumor necrosis fac- 
tor-a (TNF), interleukin (IL)-la, ILrlft, IL6, and ILS in 
cultures of human peripheral blood mononuclear cells 
(PBMCs) [17, 18]. Furthermore, TNF and IL6 along with 
IFN were detected in the serum of mice following oral 
administration of imiquimod [19]. The same cytokines 
were produced in cultures of mouse spleen and bone 
marrow cells stimulated with imiquimod. In the HSV-in- 
fected guinea pig, imiquimod enhanced HSV-spedfic IL-1 
and IL-2 production and increased HSV-specific cell-me- 
diated immune responses [2]. Finally, Kono et al. [20] 
have demonstrated induction of IL6 and IL-8 mRNA 
expression in normal and transformed human keratino- 
cytes. Thus, imiquimod induced a number of different 
cytokines and other immunomodulating effects, all of 
which may contribute to its overall biological activity. 

The cell responsible for cytokine induction in imidazo- 
quinoline^stimulated human PBMCs has been under in- 
vestigation. Megyeri et al. [21] have shown that both 
monocytes and B lymphocytes are capable of secreting 
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FFN in response to imiquimod and have further shown 
!?dwciion or mRNA f r I FN, TNF, IL^6. and ILS in 
PBMC cultures. Studies in our laboratory using various 
separation techniques indicated that monocytes were the 
cells largely responsible for the cytokines induced by 
imiquimod and S-27609 [ 18]. 

This study was undertaken to further characterize cy- 
tokine induction by imiquimod and S-27609 in cultures f 
human PBMCs. The cyt kine profiles induced by these 
agents were then compared with those induced by two 
oth r known immuno modulators, bacterial lipopolysac- 
charide (LPS) and polyinosinic-polycytidylic add (poly 
I:C). We report that imiquimod and S-27609 stimulated 
production of the cytokines TNF, IFN, IL-lp, and IL-6 in 
cultures of human PBMCs, with S-27609 being 5- to 10- 
fold more potent than imiquimod. In addition, S-27609 
stimulated IL-lo, IL-1RA, ILS, IL-10. the colony-stimulat- 
ing factors (CSF)s granulocyte-macrophage (GM>CSFand 
granulocy te (GK3F, and macrophage inflammatory pro- 
tem-lct (MIP-lcc). Induction of these cytokines occurs 
within 1-4 h after treatment with imiquimod and S- 
27609. Once made, most of the cytokines are secreted 
rapidly; however, significant concentrations of JLrla and 
IH0 remain inside the cell. Finally, IFN, TNF, and IL-8 
mRNA induction by S-27609 was seen in the presence and 
absence of cydoheximide. 
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MATERIALS AND METHODS 
isolation of human PBMCs 

Whole blood from human volunteers was obtained using EDTA as an 
anticoagulant after obtaining informed consent. PBMCs were isolated 
bydensity gradient ccntrifugauon using Histopaque (Sigma, Sl Louis. 
MO) according to the manufacturer's instructions. Briefly, blood was 
diluted 1:1 with Hanks' balanced salt solution (mSsT^w^bcf^ 

ptoina-Histo^i« inter&ce were transferred to a sterile 50-m] centri- 
*rttEF&™Z** withHBSSbycenn^gip^ 




l^nnethyipniirylHff-n^^ 
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da^J^ quinolin-4-amine: R-842. 4-aminoHi.a^Hliii«Sy|.l//.imi. 
^ { i 3 ^!9, u,no,,nc ' l-clhano,; and S-27609. 4-amino-cta2. 
mmemy|.l^midazo{4^]o^inolif^l<thanol are shown in Figure 1. 

dissolved in pyrogen-free water and stored as stock solutions at 4'C for 
up to 2 months. Bacterial LPS from £ coii 055:B5 (Sigma) was dissolved 

Poly l:C (Pharmacia LKB. Milwaukee. WI) was prepared by dissolving 

.h!^ ^ m Py" 3 ^"-^ wwer al 56,0 for S( > min. The solution wa! 
then ' allowed to cool to RT until use. Concentrations of LPS and poly 
I.C that induced the highest concentrations of cytokines were deter- 
mined in prcbminary studies and these were used throughout this studv. 
RNA s>nihcsis inhibitor actinomycin D (Calbiochem. La Jolla. CA) 
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PBMCs (2 x 10* cells/ml) were incuhaicd in six^eU tissue culture plates 
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rate was increased 10 10 ml/nun and lymphocyte* were coueoed Tnh 
eeUpupufaiMncoruained less than 1% monocyte 11 mctsured by CD H 
cxprruion using a FACSan flow cytameteT (Beam Okkemoa. San 
J«c. CA). The flow me was gradually increased 0.5 uu/retn until 50% 
of the cefe being eiuted were monocytes as measured by forward and 
side scatter using the FACSCAN. Generally, monocytes were couected 
at a Dow rate of 19 mVmia The purity of the monocyte population 
measured By CD 14 expression was greater than 80%. Cell poputeri 
were washed once with HBSS (20% for 10 min) and then diluted to 2 
x 10* cells/ml for culture. 



(Pertm Dmer Corp* Nonralk, CT). The PGR mature was heated to 
94*C for 2 nun followed by SO cydes wixh each cyde consisting of 15 t 
at WC 15 s ax 55'C and I mm ax 7TC After amplication, the 
products were separated on I Jft TA£ agarose gets and stained with 
ethklium bromide (1 ug/nu\ Sigma). MsrtUdoesed Fb>zI74 DNA 
(Cibco BRL) was used for molecular weight marten. 



popixhtions statistical analysis 



Cytokine measurements In human PBMC culture supematants 

Levels of TNF, lUlou IMp, ItrlRA, 1L6, IL8, GM-CSF, OCST. and 
M1P- la were assessed in duplicate for aQ enzyme-linked immunosorbent 
assays (Fl.ISAs). TNF and 1L-6 concentrations were assessed using 
EUSA kits purchased from Biosourcc, Carnarillo. CA; Il/la, IL-lfr 
1L1RA, IL-8, GM-CSF, CCSF. and MIP4o concentrations were deter- 
mined using EUSAs purchased from R&D Systems, Minneapolis, MN. 
Results are presented in pg/ml with coefficients of variation being less 
than 10% for each sample. Human I FN was measured using a mocufka* 
lion of the antiviral assay described by Brennan and Kronenberg [23]. 
Data are expressed in I FN U/ml using a standard reference preparation 
of human leukocyte I FN obtained from the National Institutes of 
Health, fiethesda, MD. 

RT-PCR for mRNA induction 

Human PBMCs (5 ml at 2 x 10* celts/ml in RPMI complete medium) 
were stimulated for 4 h with S-27609 or LPS. Some of the cultures also 
received cydoheximide (30 ug/ml). Ceils were then washed twice with 
PBS and mRNA was extracted using an Invitrogen Fast Track mRNA 
isolation kit (Invitrogen. San Diego, CA) according to the manufac- 
turer's specifications. Polyadenyiated mRNA (0.1 ug) was used as a 
template for first-strand complementary DNA synthesis using random 
hexanudeoudes (Boehringer Mannheim. Indianapolis, IN) and super 
script reverse transcriptase (RT; Gibco-BRL, Gaithersburg, MD). Reac- 
tions were performed in a 20{il volume containing 1 x RT buffer (50 
mM Ka 10 tnM Tris-Hd), 5 mM MgO* 0.2 mM dNTP, 20 U RNase 
inhibitor (Cibco BRL), and 50 U of reverse transcriptase. RT-PCR was 
performed using one-tenth of cDNA for each reaction. Primer sea for 
gtyceraldehyde hosphodehydrogenase, I FN, TNF, and 1LB as well as 
cytokine positive controls were purchased from Oontech, Palo Alto, CA. 
The cDNA was amplified using 0.2 uM 3' and 5' primers in 50 ul of PGR 
mature containing Ix buffer (50 mM Ka 10 mM Tris-HQ), 1.5 mM 
MgO,. 0.2 mM dNTP, and 0.5 U AmpUTao DNA polymerase. AmpliB- 
ts carried out in a Perkin Elmer/Cetus thermal cycler 9600 



Data were analyzed using a paired Student's Heat, 
ered significant only If P < .65. 



RESULTS 



Resuks were coroid- 



Initial studies compared imiquimod and &27609 for in- 
duction of TNF, IFN, IL-lp, and IL6 in cultures of human 
PBMCs. Results in Table 1 demonstrate that both imiqui- 
mod and S-27609 induced all of the above cytokines; 
however, S-27609 is approximately 5-10-fold more potent 
than imiquimod at stimulating secretion of these cytoki- 
nes. Production of TNF, ILrlp, and IL6 by both agents 
was dose dependent, whereas IFN production stimuTat d 
by imiquimod and S-27609 did not follow a true dose 
response. Using anti-human neutralizing antibodies to the 
various types of IFN (a, 0, and y), the type of IFN induced 
by both imiquimod and S-27609 was found to be greater 
than 98% IFN-a (data not shown). The concentrations of 
imiquimod or S-27609 required to produce detectable 
concentrations of IFN were lower than those required to 
produce the other three cytokines. TNF, ILrlp, and IL-6 
were all produced over the same dose range for imiqui- 
mod (1.2-5.0 ug/ml) and S-27609 (0.5-3.0 ug/ml). 

The patterns of cytokines released by S-27609 (3 
ug/ml) and imiquimod (5 ug/ml) were then compared 
with the patterns induced by LPS and poly I.-C (Table 2). 
Results showed that £27609 and imiquimod induced a 
different pattern of cytokines when compared with LPS 
or poly I:C Poly I:C induced the highest concentrations 
of IFN, with S-27609 and imiquimod inducing only about 





TABLE 1. Cytokine Indi 


jaion by Im 


iquimod and S-27609 in Cultures of Human PBMCs* 


Treatment (Me/ ml) 






Cytokine concentration (pg/ml) or IFN (U/ml)* 




IFN 


TNF 


1MB 


IL6 


Medium 


0 


0 


0 


0 


IMIQ 










(0J) 


0 


0 


0 


0 


(0.6) 


38 


0 


0 


19 


(1.2) 


38 


30 


6 


106 


(23) 


38 


255 


95 


457 


(5.0) 


38 


452 


365 


MOO 


609 










(0.03) 


0 


0 


0 


0 


(0.1) 


47 


0 


0 


0 


(0.3) 


157 


276 


45 


1.430 


(1.0) 


175 


3314 


1.080 


4.463 


(3.0) 


175 


8.700 


2,870 


11.920 



'Human PBMCs (2 x 10* cells/ml) were incubated for 24 h at 37'C with various concentrations of imiquimod (IMIQ) or S-27609 (609). 
Supcnutanis were collected, filter sterilized, and stored at -20'C until they were assayed for cytokines. 

IFN concentrations were auayed by bioassay and results are presented in U of IFN/ml and are taken from a single experiment. TNF. IU1B, 
and IL-u concentrations were determined by EUSA and are presented in pg/ml. 
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20% as much as poly fcG LPS was the least effective 
inducer of IFN; however, it was the most potent inducer 
of U/lo, TL6, TLB, ILrlO, G-GSF, GM-CSF, and MlP-la 
S-27609 produced 2-4 times less IL-la. tL6 t tLS, HrlQ 
and MlP-la and 30-50 times less CSFs than LPS. S-27609 
and LPS induced similar concentrations ofTNF and 1MB 
and higher concentrati ns of ILrlRA compared with LPS. 
Imiquimod and poly I:C -were less effective at inducing 
the ILs and CSFs wh n compared with either LPS or 
S-27069; h wever, concentrations of IL-1 RA induced by 
imiquimod and poly I:C were similar to those induced by 
S-27609 and LPS. Imiquimod stimulated higher concen- 
trations of IL6, IL-8, and MlP-la than poly I:C but did 
not significantly induce IL-la. Poly I:C did not induce 
significant production of GM-CSF, G-CSF, or MlP-la. 
These studies clearly show differences in cytokine profiles 
induced by the imidazoquinolines and the other cytokin 
inducers LPS and poly I:C 

The kinetics of cytokine induction in human PBMCs by 
S-27609 (S ug/ml) were evaluated (Table 3). TNF induc- 
tion by S-27609 was observed as early as 1 h after incuba- 
tion with amounts peaking at 4-6 h. Concentrations 
remained elevated over the next 18 h of culture. Signifi- 
cant IFN was observed 2 h after S-27609 stimulation with 
concentrations peaking at 6 h and remaining constant for 
the next 18 h. Significant elevations of IL-10 and IL6 
concentrations induced by S-27609 were not seen until 4 
h after stimulation. Unlike IFN and TNF, IL-ip and IL6 
concentrations continued to rise throughout the entire 
culture period, with the highest concentrations at 24 hi 
Significant EL8 induction by S-27609 was observed 4 h 
after stimulation with concentrations rising rapidly until 
6 h after stimulation. During the next 16 h, IL-8 concen- 
trations increased fourfold. IL-8 concentrations were de- 
tected in untreated cultures with the kinetics being quite 
similar to those seen in S-27609-stimulated cultures. Ki- 
netics of IFN, TNF, IL-ip, ILr6, and IL-8 induction by 
imiquimod were also evaluated in human PBMCs (Fig. 2), 
Results were similar to those seen with S-27609. 

The next set of studies evaluated intracellular and ex- 
tracellular concentrations of cytokines induced by S- 
27609 after 24 h of stimulation of human PBMCs (Tabl 
4). Concentrations of IFN, TNF, IL-6, and TLS found 
inside the cell were less than 10% of the total cytokine 
that was secreted in response to S-27609 or LPS. In con- 
trast, significant concentrations of IL-la and IL-10 re- 
mained inside the cell when they were stimulated with 
S-27609 (45%) or LPS (48%). Approximately 15% and 
26% of the IL-ip remained intracellular upon stimulation 
with S-27609 and LPS, respectively. 

Studies implicating both monocytes and B cells as the 
cells producing IFN in response to imiquimod have been 
reported [18, 21]. We evaluated monocytes and lympho- 
cytes isolated by CCE for their ability to produce IFN, 
TNF, and IL6 in response to S27609. imiquimod, LPs| 
and poly I:C (Table 5). Imiquimod, S-27609, and LPS 
produced similar concentrations of IFN in PBMCs and 
monocyte-enriched cultures. Untreated lymphocytes had 
elevated IFN activity; however, IFN concentrations in- 
duced by imiquimod, S-27609, and LPS were significantly 
lower than those seen in unseparated and monocyte-en- 
riched subpopulations. Poly I:C induced high concentra- 
tions of IFN in all three cell populations. 

Imiquimod. S27609. and LPS induced significant c n- 
centrations of TNF in monocyte-enriched but not lym- 
phocyte-enriched cultures. Concentrations of TNF 
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TABLES. Kinctio of Cytokine Induction in Hunan P BMCi by STOW 
Cgotoc concemmioo (p^cDce IFN caaccatrtrioa jV /mt? 



IFN(U/mI) 



TWF(p^wl) 



Time (h) Medium 



STW Medkim 



$.17809 



SJ7609 



SJ7609 



SIT609 



I 

2 
4 
6 
8 

24 



I ±0.7 2±1 
S6± 15 2±2 
153 1 45* 6.±4 
260±M« 7.±3 
245 1 72* 17 ±13 
SOS* 9CV1018 



64142 0.710.7 
4161 HO* 0.710.7 
1356 ±W 0.710.7 
3.400 ± 1.755* 0.810.2 



0.710.7 U 11J 
7.217.2 4.913.1 
315 1 276- 2.411.7 
929 1 559 s 18118 



6J14.6 
15.619.1 
1.7731566* 
4,734 ± 377* 



2377 1 704' 0.7 1 0.6 1303 1 595* 63 1 63 7.137 1 1.191* 
2.0671407* 03103 23651941* 4314.4 14.76012.626* 



17114 
138156 
1,1511830 
236211310 
974 1 1.949 



1871134 
1.478 1 603 
1135011.074* 
40.695 1 4.655* 
85.180 1 8.672* 



7.02512.495 181,400126388* 



and 



control. 



*?FN levels were detected by bioauay and are presented in U/mL All other cytokine levdi were determined using EUSA and are presented 



/ml 



fcontrol cultures were cells incubated in RPM1 complete without any stimulus. 



stimulated by S-27609 and LPS were J^^y W Acrto 
monocyte cultures than in umeparated PBM^mres. 
Poly I:C was ineffective at inducing sinuficant TNF in all 
three populations. All four stimuli induced significant 
concentrations of IL4 in unseparated PBMCs and mono- 
cyte-enriched cultures but not in rymphocyte-ennched cul- 
tures. These data further support the important role of 
monocyte/macrophages as the major cell responsible for 
cytokine induction by the imidazoquinolincs. 

To determine whether both RNA synthesis and protein 
synthesis were required for cytokine induction by S- 
27609. cells were stimulated in the presence or absence 
of the protein synthesis inhibitor cydoheximide and the 
RNA synthesis inhibitor actinomycin D (Fig. S). Results 
are presented as the mean of three experiments and dem- 
onstrate that cydoheximide and actinomycin D signifi- 
cantly inhibit S-27609-induced TNF, IL-10, IL-6, and IL3. 
Similar observations were made using LPS and imiqui- 
mod as the stimuli (data not shown). 

Although these data suggest that both protein synthesis 
and RNA synthesis are required for imidazoquinolinoin- 




a 5 II IS M 

Time after treatment (h) 

Fig. 2. Kinetics of cytokine induction in human PBMCs by imiquimod 
Human PBMCs {2 x 10 cells/ml) in RPM! complete were incubated for 
I. 2. 4. 8. and 24 h. after which culture supernatants were collected, 
niter sterilized, and assayed for IFN, TNF, IL-I0, IL-6. and \LS. Results 
are presented in U/ml for IFN-a; all other cytokine concentrations are 
presented in pg/ml. Results are presented from a representative experi- 
ment that was repeated two separate times. 



duced cytokine production, they do not demonstrate that 
de novo synthesis is required. The final set of studies 
evaluated cytokine mRNA induction by S-27609. Human 
PBMCs were stimulated with S-27609 or LPS in the pres- 
ence or absence of cydoheximide for 4 h, after which 
mRNA was isolated and analyzed by RT-PCR for induc- 
tion of IFN-a, TNF, and US mRNA expression (Fig. 4). 
S-27609 induced increases in IFN-a, TNF, and IIS mRNA 
expression when compared with untreated cells. Induc- 
tion of these mRNAs by S-27609 was also potentiated by 
cydoheximide. indicating that protein synthesis was not 
required for mRNA inducuon. LPS induced increases in 
TNF and US but not IFN-a mRNA expression when 
compared with untreated cells. Cydoheximide again aug- 
mented the expression of TNF and IL8 mRNA in re- 
sponse to LPS. Interestingly, cydoheximide indue d 
increases in TNF and IL-8 mRNA expression. 



DISCUSSION 

Imiquimod and the analogue S-27609 are low-molecular- 
weight imidazoquinolines that exhibit potent antiviral and 
antitumor activities in a number of animal models when 
given either prophylactically or therapeutically [1-10]. 
Their ability to induce IFN in a number of speries indud- 
ing humans is well documented and is considered to be a 
major mediator of this class's biological activities [11-16]. 
We have demonstrated that imiquimod also induces 
other cytokines in mice [19] and human PBMC cultures 
[H. 18]. 

Imiquimod and S-27609 induce the same cytokine pro- 
file in human PBMCs; however, S-27609 is 5-10 rimes 
more potent. Weeks and Gibson [17] have shown that 
imiquimod and the imiquimod metabolite R-842 had 
similar potency. Taken together, these results indicate 
that addition of a methyl group at the 2 position increases 
the potency of these molecules. A more complete struc- 
ture-activity relationship of this class of compounds will 
be reported (J.F. Center, manuscript in preparation). 

It appears that concentrations of both imiquimod and 
S-27609 required to induce IFN in human PBMCs are 
lower than those required to induce the other cytokines. 
This could be due to preferential induction of IFN at 
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TABLE 4. Intracellular and Extraoefluhr Production of Cytokines by S27609 and LPS* 



Wml) 



S27609 (S Mg/mJ) 
Intracellular 1 " Ejaracrllular 



3*0.5 
89± 18 
252 ±39 
424 ± 135* 
9±9 
7.725 ± 3.650 



223± 111* 
13321178* 

309±82* 
2.477 1 23* 
6\201 1 1.050* 
132-515 ±31376' 



LPS (I Jig/ml) 
Intraccflohrc Earacrflufar 



8315 
46124 
470 145* 
1.222 ± 386* 
84 1 24 
11.428 14.492 



46132 
L247 1 330* 
512182* 
3375 1 875* 
7.675 1 1.406« 
186\275 1 28578* 



" ''-rrJv!^ forr^^ f ° r , 24 I* w i* S27609 < 3 ^ rol > or "5 ( I MR/ml). after which the supcr naiants were collected, filter sterilized. 
* •;•.> ,M,y/cd for vanous *™* ^ «« presented as the mean 1 sem of four experiment •/> < .05 compared wi«h S 

»'•'. J Wcnr dctectcd bioassay and are presented in U/ml. All other cytokine levels were determined using EUS/ 

"« « HliUar cytokine concentrations were determined after cells underwent two cycles of frecxe^hawing 



are presented 



s. . 

"'•i... "Venerations; alternatively, it may be that the 
l( :,v w wore sensitive at detecting IFN than the ELI- 
,,#| l'n.i r tnc omer cytokines. The induction of EFN by 
"mmjiI ;ind S27609 does not follow a true dose-rc- 
•f,„ i( 1,1 relationship, whereas that of TNF, IL-10, and IL6 

f ,,,, Miiii ,,,n com P arin eT cytokine profiles for the different 
'^Miii J ,,l,od ulators demonstrate that imiquimod and S- 
, ! n Hi... ,ilVC «. different P a "en«- Imiquimod and S-27609 
' ' til i V c f Fect > v c tnan LPS but less effective than poly 
Kl, , ' , ! , '««cing IFN. Weeks and Gibson [17] reponed that 

i..! unablc to mducc IFN m human PBMCs. The 
In , Mj in results can be attributed to the serum used 
ii, l(| m ing the cells (FCS versus autologous serum). Hu- 

III IC lrnA..« .~ • I . . 



I'Mll ^roi 1 , 0 ^' 0 contain nucleases that degrade 
"'"M m, C r f F^; 0thers ^ 3150 show " >"t»« or no 
w-.,° f .i^ N ^ un,ess nionocyces are first 
Ml Ip N-Y or GM-CSF (25]. 

II |„ '•»« immunomodulators were potent inducers of 

, : , w,lh M/eOQ inducing the highest concentra- 

II i , nccntrauons of S-27609 that induce IL-1 RA and 
••».„,, » I Ug/ml for S27609 and >0.6 jig/ml for imiqui- 



used for induction. In comparison to imiquimod, S-27609 
induced higher concentrations of both GM-CSF and G- 
CSF; however, concentrations were still 30-50 times less 
than those produced in response to LPS. 

Kinetics of cytokine induction by S-27609 and imiqui- 
mod are similar. TNF is first detected as early as 1 h after 
treatment (this was not significant). IFN, IL-1, ILr6, and 
IL-8 are detected as early as 2 h after stimulation with 
either S-27609 or imiquimod. The CSFs are first seen 4 h 
after treatment with S-27609 (data not shown). Others 
have shown similar kinetics for TNF. IL6, and ILr8 pro- 
duction utilizing LPS and human whole blood [30-32]. 
Whereas TNF and IFN concentrations plateau 8 h after 
stimulation, concentrations of IL-ip, IL-6. and IL-8 con- 




\ % \ % l»«%IJes^ tUdieS dcsigncd to ^d"* hypothesis 

IM K? it nd ^ CCd Similar concentrations of 
i 1,1 Mv ip 8 ' * L10 ' m * MW-lo- Both imiquimod 

.v." « H m ,rf duccd on,y low eventrations of IL-1, 
I % .:. , 3 f 1 ? MIP ^o: when compared with either 

H|. M| ' »t,s 0 f IL^ f and MIp . la lhan * . 

I * M < i -w '"^^'y effective at inducing G-CSF 

l 11 »m,i. Wc f ta and Gibson H7] reponed that imiqui- 

' 3 ^ ' S dUCC CM " CSF: howvc ^ c ^e detected 
m m MRnificant concentrations of this cytokine in our 

v l ^ r The difr !, rcncc$ scen ^ <° 55S 

»i culture condiuons as well as the donor cells 




Cytokine induced 

?* ^5S U of cyclohcximtdc and actinomvein D on cytokine indur 
uon by S27609 and LPS. Human PBMC (2 x 0* celb/mh"n RPNH 

Com Diet r wrr«- nmk-..^ k o "V 1 ' ,n ^All 



compkie were incubated for 24 h with 3 ug/m! ^27609^ "the ^re^nce 
euher cyclohmuniidc or aoinomvein D. 



of various concentrations of ...... v^.^.^n.Kic cr aainomycin D 



a. and IUJ. Results are presented in pg/m) and dau'aVe 

prcscnied a. the mean of three irxfixiduaJ expe^ntents ± $S IL« 



. — w. .... wt. ti cxucTuni 

concentrations are presented in pg x 10/ ml. •/* < .05. 
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TABLES. Monocytes bat Not Lymphocytes Produce Cytokine ta R«po«e to or I 



Cytokine concentration (pg/mH) or IFN coiKetitnuionCU/ml} 1 







IFN 






TUP 

i wr 






IL6 






PBMC 


Lymph 


Mono 


pnwr 


Lymph 


Mono 


PBMC 


Lymph 




meaium 


0 


67±29 


18 ± 7 


10 ±10 


6±6 


19 ±18 


70±61 


4119 


22111 


Imiquimod (5) 


150 ±95 


l±l* 


67 ±40 


44 ±15 


9±9* 


42±24 


1.0951432 


13 ±4* 


L267 1 428 


S-27609 (S) 


164 ±89 


9±4« 


197 ±121 


530 ± 128 


0* 


954±472 


3.854 ±1.056 


36±6* 


5,98412.024 


LPS(t) 


48132 


1±1' 


51 ±50 


8S2±204 


0* 


1,341 ±589 


10,482 ±1.044 


2I±6« 


13,000 ±2,000 


Polyl:C(50) 


3395 ±1.122 


1386*563 


2.474 ±404 


12 ±12 


15 ±15 


32±26 


326 1 206 


10 ±4* 


308±123 



•Human PBMCs were stimulated for 24 h with S-27609 (3 |ig/ml) or LPS ( 1 ug/ml), after which the supernatant* were collected, filter iterittxed, 
and then analyzed Tor varioui cytokine concentrations. Data are presented as the mean ± sni of four experiments, •/» < .05 compared with similarly 
treated unseparatcd PBMC 

*IFN was detected by bioassay and are presented in U/mJ. Other cytokines were determined using EUSA and are presented in pg/ml. Lymph 
indicates the lymphocyte-enriched population and Mono indicates the monocyte-enriched population. 



tinuc to rise during the last 16 h. As TNF and IL-1 have 
been shown to induce IL-1, IL-6, and ILr8 [31*34], the 
later elevations may be due to indirect induction by TNF 
or ILL 

The results evaluating intracellular and secreted cytok- 
ine concentrations were not surprising. More than 90% 
of all of the cytokines, except for ILla and ILrlf), were 
secreted. On the other hand, approximately 50% of the 
IL-la and 15-25% of the IL-lp remained inside the cell 
upon stimulation with S-27609 or LPS. Previous studies 
by others using LPS show that ILla remains largely intra- 
cellular [35, 36]. 

Studies by Megyeri et al. [21] have implicated both B 
cells and monocytes as the cells responsible for IFN re- 
lease by imiquimod. Studies in our laboratory using 
imiquimod and S-27609 point to a strong role of mono- 
cytes in the release of IFN and other cytokines [ 18]. These 
studies were based highly on elimination of populations 



responsible for cytokine induction rather than on positive 
selection. In this study we used positive selection of both 
lymphocytes and monocytes by CCE to evaluate cytokine 
induction by imiquimod and S-27609. Results showed in- 
duction of all cytokines evaluated to be in the monocyte- 
enriched fraction. On average, this population contained 
greater than 85% monocytes as measured by CD 14 ex- 
pression and less than 5% lymphocytes. Thus, it appears 
that monocytes are the major cells secreting cytokines in 
response to imiquimod and S-27609. 

Generally, with monocyte secretion of cytokines, de 
novo synthesis is required rather than release of stored 

f>roteins as is observed for TNF secretion by mast cells 
37]. The induction of all of the cytokines produced in 
response to S-27609 and LPS was inhibited by addition of 
actinomycin D or cycloheximide. IFN induction was not 
evaluated in the presence of actinomycin D and cyclohexi- 
mide because these agents would negatively affect the 



1 2 3 4 5 6 7 8 



(tfPDH 
TNF 




IFN 




IL-8 



Fie. 4. IFN, TNF. and 1 1-8 mRNA induction by 
S-27609. Human PBMCs were stimulated for 4 h. 
after which RNA was extracted and amplified us- 
ing RT-PCR. Samples were separated by agarose 
gel electrophoresis. Lane 1. molecular weight 
markers; lane 2, positive control cDNA; lane S. 
unstimulated PBMCs: lane 4. S-27609 (S 
ug/mlHreated PBMCs; lane 5. S-27609 (3 Ug'ml) 
♦ cycloheximide (M0 ua/ mistreated PBMCs: lane 
6. LPS (1 ug/mlMreated PBMCs: lane 7, LPS ( 1 
Mg/ml) ♦ cycloheximide (30 ug'ml)-treated 
PBMCs: lane 8. cycloheximide (30 u&/ mistreated 
PBMCs. 
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IFN bioauay. Further studies evaluating mRNA expres- 
sion dearly demonstrated induct, n of IFN-a, TNF and 
IIS mRNA by S-27609. Induction was also seen in the 
presence f cyclohcxim.de, indicating that protein synthe- 
sis was not required for induction and that mRNA indue- 
ti n ccurs through activation f already present 
transcription factors. Similar results were obtained by 
51^.? 1 a1, 1 21 ) whcn the y evaluated induction of IFN 
TNF, IIS, and IL-8 mRNA by imiquimod. The stimuli 
tion of IL-1, IL6. ILr8, and TNF expression by imiquimod 
occurs in pan through activation f NF-icB [21 J. However 
IFN-a g nes lack an NF-icB binding sit , indicating that 
other transenpuon factors are needed to activate these 
genes. Indeed, imiquimod stimulates protein binding to 
the 4F1 site found in the promoter region of the IITST-a 
genes [21 J. It is postulated that S-27609 will behave in a 
similar manner to imiquimod. 

In conclusion, this study extends previous findings 
demonstrating that imiquimod and S-27609 induce a cas- 
cade of cytokines including TNF, IFN, IL-la, 1MB IL-1 
RA. IL6.IL* IL-10. MlP-la, CM-CSF. and OCSF. Indue- 
uon of these cytokines is detected 1-1 h after stimulation 
and follows a definite pattern of appearance. Induction of 
cytokines by S-27609 correlates wUh increases in cytokine 
mRNA expression. Finally, the imidazoquinolines can no 
longer be thought of as just IFN inducers. They must also 
De thought of as immunomodulators with broader effects 
mat result m a number of cytokines whose further immu- 
nological effects act in concert to contribute to the overall 
biological activity of this class of agents. 
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